Abstract. Following hypophysectomy in the rat, there was a progressive decline in the rate of adrenal protein synthesis in vivo during the ensuing 24-48 hr, and an accompanying decrease in the acute corticosterone secretory response to an intravenous injection of ACTH. There was a similar decrease in the in vitro conversion of A5-pregnenolone, progesterone, and deoxycorticosterone to corticosterone. These in vivo and in vitro effects of hypophysectomy could be reversed by the administration of depot ACTH for an additional 7 hr period. However, if cycloheximide, an inhibitor of protein synthesis, was administered concomitantly with the depot ACTH, then the restorative actions of ACTH on the steroid biosynthetic pathway were prevented. These experiments suggest that ACTH maintains not only the general structure of the adrenal cortex, but also the level of the steroid biosynthetic mechanism, through its effects on adrenal protein synthesis.
Introduction
An intravenous injection of adrenocorticotropic hormone (ACTH) 1 causes an increase in adrenal corticosteroid secretion within minutes after its administration (1) . The magnitude of this acute response is a function not only of the dose of ACTH injected, but also of the plasma levels of ACTH to which the adrenal glands have been chronically exposed for hours or days prior to the acute injection (1) . The term "adrenal steroidogenic responsiveness" might be used to describe the latter effect. The diminished adrenal responsiveness in hypopituitarism (2) and the increased response in Cushing's disease (3) are examples of this phenomenon. In an experimental situation, adrenal steroidogenic responsiveness can be measured by determining the immediate increase in steroidogenesis resulting from the intravenous injection of a standard stimulating dose of ACTH. Whereas there have been a number of studies of the rapid stimulation of steroid production by ACTH, both with regard to the site in the steroid synthetic pathway that is stimulated and the mechanisms of the effect, less is known about the more chronic effect of ACTH to maintain the level of adrenal responsiveness. The present studies were therefore undertaken to study this latter process.
There is considerable evidence that the rapid 1916 stimulation of steroid biosynthesis following an acute injection of ACTH is primarily the result of an increased rate of conversion of cholesterol to A5-pregnenolone (4, 5) . The A5-pregnenolone thus formed is converted in sequence to progesterone, deoxycorticosterone, and corticosterone by the rat adrenal, a process that is not influenced to a major degree by ACTH over short time intervals (5) . The acute effect of ACTH can be blocked by a variety of inhibitors of protein synthesis (6) (7) (8) . One of these inhibitors, cycloheximide, has been shown to block the increased conversion of cholesterol to M5-pregnenolone which is brought about acutely by ACTH (9) . The adrenal conversion of A5-pregnenolone to corticosterone, which is relatively insensitive to ACTH over short time intervals (5) , is not inhibited by cycloheximide over similar time intervals (7) . Since total adrenal protein synthesis does not measurably increase during the short period of ACTH administration required for the rapid stimulation of steroidogenesis (7), it has been postulated that this acute effect of ACTH involves synthesis of a relatively specific protein fraction that plays a role in the control of steroidogenesis.
An effect of ACTH to increase total adrenal protein synthesis is demonstrable, however, when, the hormone is given over longer time intervals (hours to days) (10) (11) (12) . In the present experiments, we have explored the possibility that, as ACTH increases total adrenal protein synthesis for many hours, there might be an increase in enzymatic activity of the steroid biosynthetic pathway, including points additional to the site involved in the rapid stimulation of steroidogenesis. We have also considered the possibility that such effects might provide an explanation for the more chronic effect of ACTH to maintain the level of adrenal steroidogenic responsiveness. To study these questions, rats were hypophysectomized and examined for subsequent changes in adrenal protein synthesis, for changes in the corticosterone secretory response to a rapid intravenous injection of ACTH, and for changes in the in vitro ability of adrenals to convert A5-pregnenolone, progesterone, and deoxycorticosterone to corticosterone (thereby testing segments of the steroid biosynthetic pathway not acutely stimulated by ACTH). The reversal of these changes by longacting depot ACTH has also been examined. In view of the knowledge that the acute effect of ACTH on steroidogenesis is blocked by inhibitors of protein synthesis, experiments have been performed to determine whether the long-term effects of ACTH on the activity of the pathway might also be modified by an inhibitor of protein synthesis.
Methods
Male Holtzman rats weighing approximately 200 g were employed in these experiments. Hypophysectomy was performed by the transaural method (1). 10 U of zinc ACTH 2 were administered subcutaneously when it was desired to achieve a sustained ACTH effect in the absence of the pituitary.
The acute steroidogenic response to ACTH was measured in the following manner. A maximally stimulating dose (2 mU) of USP ACTH was injected into the femoral vein. Beginning 7 min later, the left adrenal venous effluent was collected for a 3 min period, and its content of corticosterone was measured. The methods for these procedures have been previously published (1) .
Adrenal incubations were carried out according to the following protocol. Pairs of adrenal glands from individual animals were quartered and placed in 2 ml of Krebs-Ringer bicarbonate buffer containing 200 mg per 100 ml of glucose. Preincubation was carried out for 30 min, after which the medium was aspirated and discarded. 2 ml of fresh medium was then added with appropriate additions (steroids, ACTH) for a 2 hr incubation. The preincubation and incubation were carried out in a water bath with shaking, under an atmosphere of 95% 02-5% CO2, at 370 C. At the conclusion of the incubation, the glands were homogenized in the medium, and corticosterone was measured in the homogenate by the fluorescence method of Silber et al. (13) . &5-Pregnenolone, progesterone, and deoxycorticosterone were added to incubations in 20 1.l of ethanol, providing concentrations of the steroids in the incubation medium ranging from 5 to 100 Ag/ml. 
FIG. 1. EFFECTS OF HYPOPHYSECTOMY AND OF DEPOT ACTH ON ADRENAL PROTEIN SYNTHESIS AND STEROIDOGENIC RESPONSIVENESS IN vivo.
The rate of adrenal protein synthesis, and the corticosterone secretory Vesponse to an intravenous injection of 2 mU of ACTH was studied at varying time intervals after hypophysectomy in rats. A group of animals was given 10 U of zinc ACTH subcutaneously-41 hr after hypophysectomy, and these animals were studied 7 hr later. An additional group of animals was given 10 mg of cycloheximide intraperitoneally just prior-to zinc ACTH 41 hr after hypophysectomy, and protein synthesis was studied in these animals 7 hr later. In this and the following Figures, the points indicate the mean, the vertical bars the standard error of the mean, and the numbers above the bars, the number of observations at each point.
to appropriate incubation flasks, providing an ACTH activity of 2.5 U/ml.
Adrenal protein synthesis was measured by injecting 4 ,Uc of 'C-algal protein hydrolysate intravenously. Adrenals were removed 10 min later, and incorporation of the labeled amino acids into protein was determined as previously described (7) . Cycloheximide, 10 mg in 1 ml of 0.9% saline, was administered intraperitoneally in order to inhibit adrenal protein synthesis (7).
Results
Effects of hypophysectomy and of depot ACTH on adrenal protein synthesis (Fig. 1) . The incorporation of 14C-amino acids into protein was utilized as a measure of adrenal protein synthesis. It should be noted, however, that the rate of incorporation of labeled precursors into protein could also be influenced by changes in amino acid pool sizes. The incorporation decreased progressively to a value of about 60%o of the control by 24 hr after hypophysectomy, and thereafter remained at this low level. When hypophysectomized animals were treated with .10 U of zinc ACTH, the incorporation of amino acids was restored to control levels within a 7 hr period. These results are in agreement with previous experiments in which the chronic administration of ACTH to intact rats resulted in increased incorporation into adrenal protein of labeled amino acids administered in vivo (12) . Similarly, when adrenals were removed from chronically ACTHtreated animals and cell-free preparations of these adrenals were incubated with labeled amino acids, the incorporation of the amino acids into protein was increased (10, 11) . In addition to m in-creased rate of amino acid incorporation, ACTH has also been shown to increase adrenal protein content (10, 11) .
Effects of hypophysectomy and of depot ACTH on the corticosterone secretory response to a rapid intravenous ACTH injection (Fig. 1) Fig. 3 .) These relatively small differences might have been due to increased levels of corticosterone or corticosterone precursors formed in vivo in the control and depot ACTH-treated groups which were carried over into the incubations, or to circulating ACTH which was carried over into the incubations in these groups. It is evident, however, that if either or both of these factors were operating, it did not exert a major influence on the in vitro experiments. TO ACTH AND TO CONVERT PRECUR-SORS TO CORTICOSTERONE. Adrenals were removed from rats at varying time intervals after hypophysectomy, and incubated with 2.5 U/ml of ACTH, or with 50 ,ug/ml of A5-pregnenolone, or progesterone, or deoxycorticosterone. A group of animals was given zinc ACTH 10 U subcutaneously 41 hr after hypophysectomy, and their adrenals removed for incubation 7 hr later. Some of the latter group of animals were also given 10 mg of cycloheximide intraperitoneally just prior to the zinc ACTH injection. in vivo. Thus, the in vitro responses to ACTH were markedly reduced when adrenals were removed from rats 24 hr or more after hypophysectomy (Fig. 2) . Furthermore, when hypophysectomized rats were given zinc ACTH 7 hr before sacrifice, the subsequent in vitro responses to ACTH were restored to normal.
Studies on the activity of the steroid biosynthetic pathway between A5-pregnenolone and corticosterone. The in vitro capacity of adrenals to convert exogenous A5-pregnenolone, or progesterone, or deoxycorticosterone to corticosterone decreased progressively when the glands were tested at progressively greater time intervals after hypophysectomy (Fig. 2) . The capacity to convert these precursors to corticosterone was restored to control levels when the hypophysectomized rats were given an injection of zinc ACTH 7 hr prior to Effect of an inhibitor of protein synthesis on the ACTH-induced increase in the activity of the steroid pathway. It was noteworthy that the decrease in adrenal protein synthesis after hypophysectomy and its restoration to normal by long-acting ACTH was accompanied by similar changes in the level of the steroidogenic response to ACTH in vivo and in vitro, and in the activity of the steroid biosynthetic pathway between A5-pregnenolone and corticosterone. It was possible that these represented only parallel but unrelated effects of ACTH. Alternatively, the ACTHinduced increases in the activity of the pathway might depend upon an increase in protein synthesis. To test the latter hypothesis, an experimental approach was employed which involved inhibiting adrenal protein synthesis with cycloheximide, and determining whether or not ACTH treatment would still result in an acceleration of the conversion of precursors to corticosterone. It has previously been shown that cycloheximide is rapidly effective in inhibiting adrenal protein synthesis (7), and in the present experiments it was found that this inhibitory effect was still present 7 hr after an intraperitoneal injection of 10 mg of cycloheximide (Fig. 1) Rats were hypophysectomized, and some of the animals were given 10 mg of cycloheximide intraperitoneally immediately thereafter. 7 hr later, the adrenals were removed and incubated with a corticosterone percursor in a concentration of 50 ,ug/ml. The corticosterone produced during the incubation was measured.
* Values are means i SEM. The number of animals in each group is shown in parentheses.
and treatment periods which were employed (16) , and such effects might indirectly modify steroid biosynthesis. An experiment was therefore performed in which rats were hypophysectomized and divided into two groups; in one group each rat was given 10 mg of cycloheximide intraperitoneally, whereas the rats in the other group were untreated. 7 hr later the adrenals were removed from all animals, and incubated with A5-pregnenolone, or progesterone, or deoxycorticosterone. The conversion of these precursors to corticosterone was found to be similar in the two groups (Table I) .
Whereas cycloheximide itself did not appear to impair the conversion of precursors to corticosterone, it did prevent the stimulatory effect of ACTH on these conversions. Thus, when cycloheximide was administered just prior to depot ACTH in hypophysectomized animals, the effect of ACTH to increase the activity of adrenals in converting A5-pregnenolone or progesterone, or deoxycorticosterone to corticosterone was prevented (Fig. 2) .
Discussion
It has been shown previously that ACTH exerts a pronounced effect on total adrenal protein synthesis when it is given for periods of hours or days (10) (11) (12) . In the present experiments, this effect of ACTH was found to be accompanied by changes in the magnitude of the acute steroidogenic response to ACTH. Thus, after hypophysectomy of rats, the progressive decrease in adrenal protein synthesis was accompanied by a decrease in steroidogenic responsiveness to ACTH, and both of these processes were restored to control levels by depot ACTH.
It was also found that the conversion of &5-pregnenolone, or progesterone, or deoxycorticosterone to corticosterone decreased progressively with time after hypophysectomy, and that these conversions were restored to control levels 7 hr after the injection of depot ACTH. It cannot be stated whether a single or multiple points in the steroid pathway between A5-pregnenolone and corticosterone are affected in this long-term action of ACTH. It is clear that the last step (namely, the conversion of deoxycorticosterone to corticosterone) must be affected, but it is not yet established whether steps between A5-pregnenolone and deoxycorticosterone are also involved.
The chronic stimulating effect of ACTH on the steroid pathway was prevented when adrenal protein synthesis was blocked by cycloheximide. The interpretation of the experiments with cycloheximide is dependent on the assumption that the drug exerted its effects through its known inhibition of protein synthesis. It is possible that an as yet unrecognized action of the drug may be responsible for its inhibition of the ACTH-induced increase in the activity of the steroid pathway. With this reservation in mind, the experiments with cycloheximide can be viewed as an additional line of evidence in showing a relationship between the effects of ACTH on protein synthesis and on the activity of the steroid pathway. Since the present studies did not quantitate enzyme protein, it can only be suggested that the decrease in the activity of the steroid pathway which accompanies the decrease in protein synthesis after hypophysectomy may be due to diminution in the levels of the enzymes of the pathway.
In line with the present findings, Constantopoulos and Tchen, utilizing an enzyme preparation derived from adrenal mitochondria (17) , have found that the activity of the desmolase complex, which converts cholesterol to A5-pregnenolone, also decreased with time after hypophysectomy along with the decrease in weight of the adrenals. 3 The chronic administration of ACTH restored this enzymatic activity toward normal as the adrenal cortex regenerated to its normal weight. Thus, the level of responsiveness of multiple portions of the steroidogenic pathway may be a function of the long-term trophic effect of ACTH. Even if one portion of the steroid pathway (presumably the conversion of cholesterol to Atpregnenolone) were to remain rate-limiting for corticosterone synthesis at all times, it is of interest that ACTH exerts a chronic and more general effect to maintain the activity of multiple portions of the pathway. Therefore, when ACTH acutely activates steroidogenesis, presumably by a mechanism which activates the conversion of cholesterol to A5-pregnenolone, the level of the response is dependent upon the functional capacity of the entire pathway, and this in turn is dependent upon the more chronic influence of ACTH. The present studies would suggest that the levels of the enzyme proteins which make up the steroidogenic pathway may be dependent upon the presence of ACTH, just as the general protein structure of the hormone-responsive adrenal cortex is dependent upon ACTH (11) . Of course, since each of the enzymes of the pathway are different proteins, it would not be surprising if their turnover rates were different. That is, after hypophysectomy, when adrenal protein synthesis decreases, the enzyme levels of the pathway could decrease at different rates and the return towards normal levels, after ACTH treatment, could also occur at different rates.
It is of interest that depot ACTH increased the rate of adrenal protein synthesis, the level of the corticosterone secretory response to an intravenous injection, and the activity of the steroid pathway in converting exogenous precursors to corticosterone within 7 hr, a time in which an increase in adrenal cell population is unlikely to have occurred (11). Thus, although an increase in cell number is eventually induced and undoubtedly plays a role in the long-term effect of ACTH to increase levels of steroidogenesis, there also appears to be a change in function per cellular unit of tissue. The present studies suggest a mechanism for the changes in adrenal responsiveness in certain clinical states. Thus, the diminished rate of protein synthesis which occurs after hypophysectomy and its increase following the administration of ACTH may account for the hyporesponsiveness of the atrophic adrenals in hypopituitarism and the hyper-responsiveness of the -hyperplastic glands in Cushing's disease.
